The lymphatic vascular system and the hematopoietic system are intimately connected in ontogeny and in physiology. During embryonic development, mammalian species derive a first lymphatic vascular plexus from the previously formed anterior cardinal vein, whereas birds and amphibians have a lymphatic vascular system of dual origin, composed of lymphatic endothelial cells (LECs) of venous origin combined with LECs derived from mesenchymal lymphangioblasts. The contribution of hematopoietic cells as building blocks of nascent lymphatic structures in mammals is still under debate. In contrast, the importance of myeloid cells to direct lymphatic vessel growth and function postnatally has been experimentally shown. For example, myeloid cells communicate with LECs via paracrine factors or cell -cell contacts, and they also can acquire lymphatic endothelial morphology and marker gene expression, a process reminiscent of developmental vasculogenesis. Here, we present an overview of the current understanding of how lymphatic vessels and the hematopoietic system, in particular myeloid cells, interact during embryonic development, in normal organ physiology, and in disease.
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THE INTERRELATIONSHIP OF LYMPHATIC ENDOTHELIUM AND HEMATOPOIETIC CELLS DURING DEVELOPMENT
T he current understanding of the origin of the lymphatic vascular system is that it fully (mammals) or partially (birds, amphibians) originates from venous blood endothelial cells (Oliver 2004) . The endothelial system is also, at an earlier stage, giving rise to hematopoietic stem cells, though mainly from arterial structures within the embryo proper and also from extraembryonic structures like the yolk sac and the placenta (Cumano and Godin 2007) . The ontological relationship between the hematopoietic and the endothelial system is still under intensive investigation. In mice, definitive hematopoietic stem cells are derived from a socalled hemogenic endothelium. Lineage tracing studies have shown that most leukocytes originate from cells expressing endothelial markers (found on blood vessel endothelial cells [BECs] during development and in the adult), including vascular endothelial growth factor receptor-2 (VEGFR-2), vascular endothelial cadherin (VE-Cadherin) or Tie-2/TEK (Motoike et al. 2003; Chen et al. 2009 ). Hence, a hematopoietic system cannot be established in the absence of a primitive endothelial system.
The question arises whether, in the converse direction, the hematopoietic system also has an influence on the development of the vascular system. Analysis of mice deficient for certain hematopoietic compartments suggests that in the presence of sufficient erythropoiesis and vessel flow most leukocytes are dispensable for the generation of a functional blood and lymphatic vascular system. Several different leukocyte-deficient mouse lines have been established, including lymphocyte-deficient Rag knockout mice (Mombaerts et al. 1992; Shinkai et al. 1992) , macrophage-deficient op/op mice (Yoshida et al. 1990 ) and mast celldeficient Kit W-sh/W-sh -mice (Grimbaldeston et al. 2005) ; they all display normal blood vessel and lymphatic vessel development. Even in mice deficient for the transcription factor Runx1, which show severely impaired hematopoiesis during development and die in utero, primitive lymph sacs develop normally (Srinivasan et al. 2007) . Reports describing mesenchymal cells with macrophage and LEC characteristics within and around developing murine lymphatic vessels nourish the speculation that also in mammals, there may be a dual origin of the lymphatic vascular system (Buttler et al. 2006 (Buttler et al. , 2008 . However, functional inactivation of the Prox1 transcription factor in cells derived from the venous endothelium severely impairs lymph sac development, suggesting that Prox1-expressing venous endothelial cells are the main source of LECs during lymphatic vasculature development in the mouse (Srinivasan et al. 2007 ). In addition, lineage-tracing studies using the Vav gene promoter driving Cre-mediated inheritable expression of yellow fluorescent protein (YFP) in definitive hematopoietic cells has not revealed any direct contribution of hematopoietic cells to the formation of lymphatic vessels (Bertozzi et al. 2010) .
However, the complete separation of lymphatic sacs from the cardinal veins seems to critically depend on the interaction of the endothelial and the hematopoietic systems. Failure in this separation is apparent by the occurrence of cutaneous hemorrhage during embryonic development and blood-filled lymphatic vessels. This phenotype has been observed in several murine models deficient for genes important for LEC differentiation and identity. For example, the glycoprotein podoplanin expressed on LECs binds the receptor CLEC-2 on platelets to induce platelet aggregation via the activation of a downstream cascade in platelets involving the signaling molecules Syk, Slp-76 and phospholipase-Cg2. Activation of this signaling pathway appears to be crucial for the establishment of separated venous and lymphatic endothelial systems by a thus far unknown mechanism (Abtahian et al. 2003; Bertozzi et al. 2010; Uhrin et al. 2010) . However, as podoplanin deficiency reveals a much less severe phenotype than Syk deficiency in mice, there must be additional effects of Syk expression on lymphatic development. Indeed, lineage tracing experiments have identified a Syk-expressing, prolymphangiogenic myeloid population in the skin of murine embryos that was dramatically increased on Syk depletion, leading to lymphatic vessel hyperplasia and blood-lymphatic vessel shunts (Bohmer et al. 2010) . These results study suggest that Syk functions in leukocytes to repress the recruitment of prolymphangiogenic myeloid cells to the skin and thus prevents overshooting lymphatic vessel sprouting. In contrast, the lack of macrophages (as seen in op/op mice) in skin has no or only a very moderate effect on developmental lymphangiogenesis.
In conclusion, the lymphatic endothelial system in mammals seems to be exclusively derived from the blood endothelial compartment, and the contribution of hematopoietic cells integrating into lymphatic structures is either very small or absent. In contrast, platelet aggregation seems to be indispensable for a correct separation of the lymphatic and the venous endothelial systems.
LEUKOCYTE-MEDIATED REMODELING AND EXPANSION OF LYMPHATIC ENDOTHELIUM
During embryonic development, the lymphatic vascular system emerges independent of the hematopoietic system with the exception of the platelet-triggered separation of blood and lymphatic vascular structures. However, studies in mice have shown the influence of macrophages on postnatal lymphatic vessel development. Analysis of osteopetrotic op/op mice, which are deficient for macrophage colony stimulatory factor (M-CSF) and display markedly reduced osteoclast and macrophage numbers, has revealed that lymphatic vessel branching is reduced in 15-d-old mice by the absence of macrophages in the trachea and the skin and that tissue fluid drainage is impaired in limbs and ears of these mice. Interestingly, lymphatic vessels appear normal in 3-mo-old op/op mice, indicating a role of macrophages in early lymphatic vessel patterning but not in the physiological functions of established lymphatic vessels . Accordingly, inhibition of the M-CSF receptor c-fms in adult mice has no measurable effect on the lymphatic vascular system. However, when studying the role of leukocytes during vascular remodeling, one always has to consider that some myeloid cells have been shown to express not only prolymphangiogenic factors, such as VEGF-A, -C, and -D, but also their receptors VEGFR-1 and VEGFR-3. These overlapping expression patterns of receptors and ligands renders the interpretation of experimental results in mouse models difficult, as it will sometimes not be possible to assign the causative cell type.
Infection of the upper respiratory tract in mice by Mycoplasma pulmonis is associated with dramatic architectural changes in the walls of the airways and in the vasculature they contain . Within 2 wk, blood vessels and lymphatic vessel undergo a dramatic angiogenic expansion. Blood vessel remodeling seems to be driven by the inflammatory function of tumor necrosis factor-a (TNF-a) stimulating its receptor TNFR1, independent of VEGF-A (Baluk et al. 2009 ). TNFR1 expression is mainly detected on BECs but not on LECs, and the expansion of the lymphatic vasculature in this model has been shown to depend on VEGF-C and/or VEGF-D, classical lymphangiogenic factors . In the same model, an unexpected role for adaptive immunity has been discovered: Upon infection of lymphocyte-deficient Rag1 -/ -mice, the expansion of the blood and lymphatic system was severely compromised as compared to immuno-competent mice. Deposition of immunoglobulin G (IgG) produced by B cells in a T-cell-dependent manner appears to be essential for vascular remodeling in this model. Notably, IgG deposited at the site of infection may have a role in recruiting and activating infiltrating neutrophils and monocytes (Aurora et al. 2005) .
Lymphatic vessel expansion is also critical during infection and inflammation in the skin and their subsequent resolution. Following an inflammatory reaction, the local lymphatic vessels may be less functional due to tissue edema and high leukocyte infiltration. However, within days, afferent lymphatic vessels connecting to draining lymph nodes will expand, thereby acquiring a higher capacity to transport antigens and antigen-presenting cells (APCs) to the lymph nodes. In several different mouse models, it is VEGF-A, the potent blood endothelial mitogenic factor, rather than the lymphangiogenic VEGF-C or D that induces inflammation-mediated lymphangiogenesis. In parallel to the peripheral afferent lymphatic vessels, also within the draining lymph nodes lymphatic vessels proliferate (sinusoidal hyperproliferation). B cells have been shown to be crucially involved in lymph node lymphangiogenesis, because after immunization with keyhole limpet hemocyanin the mitogenic response of lymphatic vessels in the lymph node is diminished in B cell -deficient mice. In fact, B cells have been identified as a prominent source of VEGF-A (Angeli et al. 2006) . In contrast, different inflammatory stimuli (e.g., inducing a delayed type hypersensitivity reaction in ears by oxazolone application) rather identify the inflamed tissue as the primary source of VEGF-A, and lymph node lymphangiogenesis seems a consequence of drainage of VEGF-A to the lymph nodes, independent of B cells (Halin et al. 2007 ). However, the main source of VEGF is under debate. For example, it has been shown that VEGF-A or VEGF-C expressed as transgenes under the keratinocyte-specific K14 promoter induces tumor lymphangiogenesis and lymph node lymphangiogenesis and promote metastasis to the lymph node in chemical carcinogenesis models (Hirakawa et al. , 2006 . Conversely, CD11b þ / Gr1 þ macrophages infiltrating the skin on application of bacterial polysaccharides are also an important source of VEGF-A, C, and D. Macrophage depletion by treatment with liposome-encapsulated clodronate (Clodrolip) attenuates inflammation-associated cutaneous and lymph node lymphangiogenesis, as well as lymph flow and inflammatory cell transport to the draining lymph nodes ). A critical role of VEGFR1 tyrosine kinase activity in VEGF-A-mediated macrophage recruitment has been shown by the transplantation of VEGFR1 tyrosine kinase -deficient (Vegfr1 tk -/ -) bone marrow cells into mice overexpressing VEGF-A in the ear skin. Macrophage recruitment, lymphangiogenesis, and blood vessel angiogenesis were significantly decreased in mice transplanted with bone marrow cells from Vegfr1 tk -/ -mice, as compared to mice transplanted with wild-type bone marrow ( Fig. 1) (Murakami et al. 2008) . These experiments suggest that VEGF-A expression has different consequences: Locally, it induces angiogenesis, lymphangiogenesis, and vessel permeability. In parallel, it induces recruitment and facilitates extravasation of leukocytes, which are themselves prominent producers of angiogenic factors like VEGF-A, -C, and -D and also deliver inflammatory cytokines like TNF-a, which can further increase the local production of VEGF-C and change the expression of endothelial cell adhesion molecules critical for leukocyte adhesion.
In the peritoneum of mice, LECs are also important early players in orchestrating the inflammatory response: Via Toll-like receptor 4 (TLR4) they can sense bacterial lipopolysaccharide (LPS) and through activation of the NF-kB pathway express leukocyte chemoattractants, such as CCL2, CCL5, and CX3CL1, to promote macrophage homing to the draining lymphatic vessels (Kang et al. 2009 ). The infiltrating macrophages provide VEGF-C and -D to induce lymphangiogenesis in the peritoneal and the pleural side lymphatic vessels of the diaphragm, as well as in the central tendon and the lymph nodes. Depletion of these macrophages using Clodrolip or trapping of the lymphangiogenic VEGF-C and -D by soluble VEGFR-3 represses this process. Moreover, LPS or TNF-a can induce the expression of the LEC-specific transcription factor Prox-1, followed by Prox-1/NF-kB synergistic promotion of VEGFR-3 expression. Higher levels of VEGFR-3 will render LECs more susceptible to stimulation by suboptimal concentrations of VEGF-C and -D (Flister et al. 2010) . Importantly, intraperitoneally injected LPS causes an extremely prominent inflammatory infiltrate in the diaphragm, with increased fibrosis and reduced lymphatic drainage capacity within the lymphatic vessels and to the lymph nodes ). Hence, acute inflammation, even though leading to active lymphangiogenesis, can reduce lymphatic vessel drainage capacity, probably through fibrotic deposits perturbing lymphatic vessel function.
A further challenge for a sole passive role of the lymphatic vascular system in simply offering a transport route for APCs to draining lymph nodes comes from the finding that ICAM-1 on LECs binds to CD11b on dendritic cells (DCs), thereby attenuating DC maturation and the DC's ability to stimulate T-cell proliferation. Importantly, the suppressive effect of the lymphatic endothelium on DCs has been observed only in the absence of pathogen-derived signals (Podgrabinska et al. 2009 ). This implies that in a steady-state flow of DCs to the lymph nodes, in the absence of a pathogenic signal, the lymphatic endothelium ensures an even-tempered state of the immune system. Conversely, detection of pathogens via Toll-like receptors expressed on LECs ablates their suppressive function on APCs. Also, D6, a scavenger receptor for CC chemokines mainly expressed on LECs, has been shown to modulate the local chemokine microenvironment and by this mechanism control local inflammatory cell infiltration (Nibbs et al. 2007) .
Impaired wound healing is a common complication of diabetes, and it has been shown that lymphangiogenesis can be a rate-limiting step during wound healing. Promotion of lymphangiogenesis by delivery of lymphangiogenic growth factors can accelerate wound healing in an excision skin-wounding model in db/db diabetic mice (Saaristo et al. 2006) . The investigators have identified an increased recruitment of VEGFR-3-positive macrophages on VEGF-C expression and speculate that the recruited inflammatory cells support wound healing. Other work has subsequently revealed that db/db mice have a reduced capacity for macrophage mobilization and that these macrophages are in a hyporeactive state, probably caused by hyperglycemia of the diabetic mice. Activation of hyporeactive macrophages isolated from db/db using IL-1b restores their expression of VEGFR-3 and VEGF-C in vitro. When these IL-1b-activated macrophages are applied on excision wounds in db/db mice, an acceleration of wound closure is observed (Maruyama et al. 2007 ).
An additional role of macrophages in maintaining skin homeostasis via control of the 
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Cite this article as Cold Spring Harb Perspect Med 2012;2:a006494 lymphatic vasculature is the regulation of blood pressure. Experimentally induced hypertonic accumulation of Na þ in the skin of rats fed a high-salt diet (HSD) leads to hypertension. On an HSD, the mononuclear phagocyte system (MPS), including macrophages and DCs, is orchestrating the expansion of the lymphatic capillary network in the skin (Machnik et al. 2009 ). Lymphatic capillary density in the skin increases twofold on an HSD, an increase that is paralleled by higher MPS cell density. Importantly, MPS cell depletion using Clodrolip abrogates lymphatic vessel hyperplasia and further increases hypertension. The MPS system therefore regulates a buffering system that attenuates HSD-triggered hypertension. Molecularly, the lymphangiogenic growth factor VEGF-C is induced in MPS cells by the tonicity-responsive enhancer binding protein (TonEBP), which on elevated Na þ levels acts as a transcriptional activator. VEGF-C then directly induces lymphatic vessel hyperplasia and the expression of endothelial nitric oxide synthase (eNOS). Mechanistically, increased lymph drainage capacity and eNOS-mediated vasodilation are thought to counteract hypertension (Machnik et al. 2009 ).
LEUKOCYTES, TUMOR LYMPHANGIOGENESIS, AND LYMPH NODE METASTASIS
The role of leukocytes in cancer progression has been extensively investigated, and experimental studies in mice and rats as well as histological correlation analysis in patients have firmly established a protumorigenic, proangiogenic branch of the hematopoietic system (Allavena et al. 2008; ). For example, high levels of tumor-associated macrophages (TAM) in human epithelial tumors usually correlate with poor prognosis, with few exceptions (Bingle et al. 2002) . The role of leukocytes, especially of myeloid cells, on tumor lymphangiogenesis has been less intensively studied. Above, we have illustrated the importance of myeloid cells and B cell in different models of inflammatory lymphangiogenesis. The pathologist Rudolf Virchow, already in the 19th century, regarded cancer as "wounds that never heal," anticipating inflammation as an integral part of tumorigenesis. Therefore, many concepts described for inflammation also hold true for the interaction of inflammatory cells and lymphangiogenesis during carcinogenesis.
In human cancer patients, metastatic spreading of tumor cells to regional lymph nodes (sentinel lymph nodes) is considered an important indicator of the likelihood of metastasis to other organs. Correlation studies in human cancers, including breast, head and neck, and melanoma, link the expression of VEGF-C and/or VEGF-D to peritumoral lymphangiogenesis, intralymphatic tumor cell clusters, and lymph node metastasis (Kinoshita et al. 2001; Stacker et al. 2002; Dadras et al. 2005; Siriwardena et al. 2008 ). Other correlative studies imply inflammatory cells and processes involved in regulation of VEGF-C expression in lymphangiogenesis and lymph node metastasis. For example, VEGF-C expression correlates with COX-2 expression in breast cancer (Zhang et al. 2008) , and VEGF-C expression is stimulated by the inflammatory mediators interleukin-1b, TNF-a, and COX-2 and its induced prostaglandins (Ristimaki et al. 1998; Su et al. 2004 ). In head and neck cancer, the activity of inducible nitric oxide synthase (iNOS) is found to correlate with VEGF-C expression, lymphangiogenesis, and lymph node metastasis, and the human epidermoid carcinoma cell line A431 up-regulates VEGF-C on nitric oxide (NO) treatment (Franchi et al. 2006) . iNOS can be produced by tumor or stromal cells, including macrophages, and is induced by inflammatory cytokines or LPS. Interestingly, iNOS is found to activate COX-2 by S-nitrosylation, thereby enhancing its activity (Kim et al. 2005) . As high NO production is a feature of M1 polarized macrophages, which are antimicrobial and tumoricidal (Allavena et al. 2008) , it may be a critical integrator of protective inflammation and subsequent resolution, which also includes lymphangiogenesis.
Inflammatory cells are also a source of lymphangiogenic factors in tumors: In human cervical cancer, a fraction of TAM expresses VEGF-C and D, and the levels of TAM correlate with peritumoral lymphatic vessel density. Moreover, naïve CD14 monocytes isolated from healthy donors express VEGF-C on TNF-a or LPS stimulation in vitro (Schoppmann et al. 2002) . Notably, TAM also express VEGFR-3, and murine peritoneal macrophages are chemoattracted by VEGF-C in transwell assays, attributing VEGF-C also an immunomodulatory function (Skobe et al. 2001) .
Experimental studies in mice have shown a direct connection between inflammatory cells and tumor lymphangiogenesis. For example, tumor lymphangiogenesis and lymph node metastasis are repressed with the pharmacological inhibition of COX-2 in mouse models of orthotopic gastric carcinoma and carcinomatous peritonitis (Iwata et al. 2007 ). Inhibition of COX-2 in macrophages and tumor cells results in a reduction of VEGF-C expression mainly by macrophages. In a closely related model, intraperitoneal injection of human ovarian cancer cell lines in mice induced carcinomatosis and lymphangiogenesis in diaphragm and mesentery (Jeon et al. 2008) . However, similar to the situation in LPS-induced peritoneal lymphangiogenesis, this lymphangiogenesis is dysfunctional as assessed by tracer injection into the peritoneum ). A high number of inflammatory cells is observed at the peritoneal side of the diaphragm of these mice, mainly CD11b þ /LYVE-1 þ macrophages expressing VEGF-A, -C, and -D, and depletion of macrophages by Clodrolip reduced the extent of aberrant lymphangiogenesis.
Only few studies employed genetically modified mice to explore the interactions of leukocytes and tumor lymphangiogenesis. In a murine transgenic breast cancer model, macrophages have been shown to be important for the angiogenic switch as well as for promotion of metastasis, as these parameters were severely impaired in op/op mice (deficient for most myelomonocytic cell types) as compared to wild-type mice (Lin et al. 2001 (Lin et al. , 2006 . However, effects on tumor lymphangiogenesis have not been assessed. In a subcutaneous osteosarcoma model, inhibition of the M-CSF/c-fms axis by anti-c-fms antibody or by pharmacological inhibition severely reduced macrophage infiltration, tumor angiogenesis, lymphangiogenesis, lymphatic tumor drainage, and metastasis (Kubota et al. 2009) .
A critical role in mobilization and recruitment of inflammatory cells to primary tumors and metastatic sites has been assigned to VEGFR-1, also by VEGFR-1-expressing inflammatory cells playing a pivotal role in the development of resistance to antiangiogenic treatment and in preparing the "premetastatic soil" (Kaplan et al. 2005; Bergers et al. 2008) . VEGFR-1 is a receptor for the angiogenic growth factors VEGF-A, VEGF-B, and placental growth factor (PlGF), and its function has been implicated in the tumor recruitment of macrophages. In particular, recent studies using anti-PlGF antibodies illustrate that PlGF can be the main factor attracting macrophages to tumors, where they provide angiogenic and lymphangiogenic growth factors (Fischer et al. 2007 ; Van de Veire et al. 2010) . However, the efficacy of anti-PlGF treatment and the molecular mechanisms underlying the repression of tumor angiogenesis is still debated (Bais et al. 2010) . For example, B16 melanomas grow to the same extent in mice carrying a nonfunctional VEGFR-1 tyrosine kinase domain (Vegfr1 tk -/ -) as compared to wild-type mice, a tumor model that was previously shown to be sensitive to anti-PlGF treatment. Further studies are warranted to resolve this issue.
In conclusion, tumor-associated or tumoractivated leukocytes can actively participate in promoting lymphangiogenesis at the tumor site and within draining lymph nodes, both processes that may facilitate lymph node metastasis. Macrophages can be potent producers of lymphangiogenic growth factors and their depletion in many murine models severely impairs lymphatic vessel function. Macrophages can also trigger the expression of lymphangiogenic growth factors in stromal cells or cancer cells via the secretion of inflammatory cytokines. Overshooting recruitment of inflammatory cells, as seen in models of peritoneal lymphangiogenesis, can result in decreased lymph drainage capacity even in a state of lymphatic vessel hyperplasia. This is
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MYELOID-ENDOTHELIAL PLASTICITY IN PATHOLOGICAL INFLAMMATION AND CANCER
Recent findings have challenged the notion that a cell's identity cannot be changed once differentiated, or can only change along a defined (tissue) stem cell-progenitor cell-differentiated cell axis (e.g., in the hematopoietic system). Experimentally, cells have been converted into different lineages (e.g., somatic cells of various origins into induced pluripotent cells or acinar cells of the pancreas into insulin producing b-cells) by the forced expression of certain transcription factors (Takahashi et al. 2007; Zhou et al. 2008) . Cellular conversions have also been observed in the absence of experimental manipulation (e.g., in metaplasia in which cells convert from one cell type into another with a different morphology and function [Slack 2007] ). Also in cancer, epithelial -mesenchymal transition (EMT) is observed, believed to result from a combination of cell intrinsic events (oncogene activation, tumor suppressor function loss) and cell extrinsic factors (e.g., TGFb signaling) (Thiery and Sleeman 2006) . Such cell plasticity has also been observed in endothelial cells: BECs give rise to fibroblasts that deposit extracellular matrix proteins in a mouse model of cardiac fibrosis in a process referred to as endothelial -mesenchymal transition (Zeisberg et al. 2007) . These examples illustrate that conversions from one cell fate into another are likely to be associated with inflammation, a scheme holding true also for the plasticity observed between hematopoietic and (lymph) endothelial cells.
Contribution of hematopoietic cells during embryonic development to the lymphatic endothelial vasculature through processes referred to as transdifferentiation, or transdetermination has not been observed, at least in mice in which stringent lineage-tracing studies are feasible. However, an increasing number of reports show plasticity of myeloid cells in pathophysiological processes. These cells can display a mixed myeloid/endothelial phenotype, they are derived from the bone marrow and they have been functionally and structurally implicated in inflammatory lymphangiogenesis.
The idea that vasculogenesis occurs in adults and not exclusively during embryonic development has been prompted by the finding that bone marrow-derived cells can integrate into growing blood vessels, cells called by their marker profile rather than by their functionality endothelial progenitor cells (EPCs). The initial descriptions of EPCs have been based on the characterization of CD34 þ (an endothelial marker) cells isolated from blood and cultured under proangiogenic conditions (Asahara et al. 1997) . EPC characteristics are now generally thought to reside within the CD14 þ /CD34 low -monocytic fraction of peripheral (human) blood (Romagnani et al. 2005) . The occurrence of lymphvasculogenesis, however, by bone marrow-derived progenitor cells and/or cellular conversion, has been less intensely studied. The identification of a CD133 þ /VEGFR-3 þ subfraction of CD34 þ cells in human fetal liver (Salven et al. 2003) and of a CD14 þ /VEGFR-3 þ subfraction in human peripheral blood (Schoppmann et al. 2002) suggested that (1) during development (and maybe also postnatally) lymphatic endothelial progenitor cells exist, and (2) monocytes (CD14 þ ) could be responsive to lymphangiogenic growth factors via their VEGFR-3 expression.
Particularly instructive have been studies undertaken in the cornea and the conjunctiva of the murine eye, which under inflammation show a marked influx of inflammatory cells with robust hemangiogenesis and lymphangiogenesis. The cornea is usually avascular, but under induced inflammatory conditions like cornea transplantation, suturing, electric cautery or angiogenic pellet placement, blood and lymphatic vessels can grow from the conjunctiva through the limbus into the cornea. DCs in the cornea and monocytic cells in the conjunctiva express VEGFR-3 (Hamrah et al. 2003 (Hamrah et al. , 2004 . Corneal inflammation, triggered by electric cautery, induces a rapid influx of
CD11c
þ DCs into the stroma of the cornea. The dendritic cells then express VEGF-C and also reallocate VEGFR-3 from an intracellular to membranous location (Hamrah et al. 2003) .
In a similar inflammation model, intrastromal corneal suturing causes a rapid influx of inflammatory Gr1 þ neutrophils and F4/80 þ macrophages into the cornea, concomitant with activation of hemangiogenesis and lymphangiogenesis ). Depletion of VEGF-A using a receptor trap has diminished recruitment of inflammatory cells and angiogenic responses. Similarly, inhibition of inflammatory cell infiltration, either of all bone marrow-derived cells by irradiation or of monocytic cells by Clodrolip treatment, abolishes angiogenic responses, suggesting a stringent requirement of inflammatory cell infiltration for hemangiogenesis and lymphangiogenesis. CD11b þ myeloid cells were shown to express VEGF-C and D 48 h after injury, thus inducing lymphangiogenesis.
Inflammatory cells themselves can also be components of the newly formed lymphatic vessels. In a cornea transplantation model, newly formed corneal LYVE-1 þ lymphatic vessels originate from bone marrow -derived CD11b þ macrophages and also express the LEC-specific transcription factor Prox-1 (Maruyama et al. 2005) . Direct evidence for de novo lymphatic vessel formation is provided by the ex vivo culturing of previously unchallenged, isolated corneas (not containing any endothelial cells but CD11b þ myeloid cells), which under IL1b stimulation develop LYVE-1 þ /CD31 þ structures in absence of any connected endothelial structure. This study and a second one, placing FGF2-loaded micropellets in corneas, also show integration of bone marrow-derived cells into newly formed lymphatic vessels in the cornea, illustrating the rapid mobilization of bone marrow cells and recruitment to the cornea on inflammation (Religa et al. 2005) .
Also in humans, there is evidence for recruitment of lymphatic endothelial progenitor cells during lymphangiogenesis. An elegant retrospective study with sex-mismatched, rejected kidney transplants shows the integration of recipient-derived cells into lymphatic vessels, constituting about 4.5% of all LECs in the rejected organ (Kerjaschki et al. 2006) . Contrary, in control organs of sex-mismatched bone marrow transplantation recipients, neither intestinal nor skin lymphatic vessels showed integration of bone marrow-derived cells (Fig. 2) . Along these lines, in biopsies of human Onchocerca (a filarial nematode causing skin disease and river blindness) nodules, LYVE-1-positive macrophages were identified integrated into lymphatic vessels in the fibrous capsule of the nodule (Attout et al. 2009 ). Finally, in human idiopathic pulmonary fibrosis, alveolar lymphangiogenesis correlates with the disease severity. CD11b þ macrophages from bronchoalveolar lavage fluid from pulmonary fibrosis patients, but not from healthy subjects, are able to form tube like structures in vitro expressing the LEC markers LYVE-1 and podoplanin (El-Chemaly et al. 2009 ). These results indicate that inflammation is a prerequisite for the potential transdifferentiation of myeloid cells into LECs.
The contribution of bone marrow-derived cells to tumor lymphangiogenesis is very controversial. In mice subcutaneously transplanted with B16F1 melanoma and Lewis lung carcinoma and previously transplanted with genetically labeled bone marrow, no integration of bone marrow-derived cells into tumor-associated lymphatic vessels has been observed (He et al. 2004) . In contrast, contribution of bone marrow cells has been observed in subcutaneous T241 fibrosarcoma tumors and in the genetic Apc Min/þ model of intestinal adenoma (Religa et al. 2005; Jiang et al. 2008 ). In the transgenic Rip1Tag2 mouse model of pancreatic b-cell carcinogenesis and in subcutaneously grown TRAMP-C1 prostate adenocarcinoma, a combination of adoptive bone marrow transfer and genetic lineage tracing experiments has revealed that bone marrow-derived cells of the myeloid lineage integrate into tumorassociated lymphatic vessels ). Furthermore, in vitro differentiated macrophages are able to aggregate into lymphatic like structures and, while losing the expression of macrophage markers, to express LEC markers, such as podoplanin, LYVE-1, Prox1, and FoxC2. The molecular link between inflammation and the transdifferentiation potential of macrophages, however, is only poorly understood.
What could be the role of macrophages acquiring lymphatic endothelial characteristic in inflammation, be it tissue wounding or in cancer? One speculation is that macrophages can de novo form lymphatic tubes in previously avascular organs, such as the cornea, to speed up immune reactions and overcome the very slow ingrowth of distant lymphatic vessels by sprouting lymphangiogenesis. The presence of macrophages in basically all organs and their fast mobilization and replenishment makes these cells ideally suited for this task. Another function could be to support endothelial sprouting, as macrophages are a rich source of proteinases that are needed to degrade the ECM. This guidance might be more efficient when macrophages employ homotypic interactions with their followers, like the expression of VE-cadherin. Normally, macrophages and other APCs are designed to transmigrate through endothelial sheets, and only the acquisition of lymphatic traits may allow stable integration of macrophages into a lymphatic endothelial cell collective.
In conclusion, this article indicates that macrophages may serve a dual role in lymphangiogenesis, either acting directly as lymphatic endothelial progenitors or indirectly by providing lymphangiogenic growth factors. Because monocytes/macrophages are sensitive to stimuli directly promoting angiogenesis and lymphangiogenesis, they can potentiate initially weak proangiogenic signaling cues and, thus, may offer an appropriate target for the design of antiangiogenic and antilymphangiogenic therapy.
